Resonant Oscillation of Misch-Metal Atoms in Filled Skutterudites
We investigate vibrational behaviors in misch-metal filled antimony skutterudites in the time domain. At higher filling ratios of guest atoms, the vibration frequency approaches that of the cage structure and the amplitude becomes stronger. Furthermore, the reduction of lattice thermal conductivity over a wide temperature range can be explained using the measured resonant vibrational frequency. These findings reveal that the reduction of the lattice thermal conductivity is a result of scattering of acoustic phonons due to the resonant interaction between guest atoms and lattice phonons. Caged compounds such as skutterudites and clathrates filled with guest atoms are found to have a significantly reduced thermal conductivity [1, 2] , favorable for being used as thermoelectric materials. A concept called ''phonon-glass-electron-crystal (PGEC)'' was used to describe the role of guest atoms in the cages constructed by host atoms [3] . The guest atoms are weakly bonded to the cage structure and vibrate locally and incoherently, hence the name ''rattler''. These rattlers provide an extra phononscattering channel and decrease the phonon mean free path, which results in the suppression of the lattice thermal conductivity [4] . Vigorous efforts have been directed toward revealing the vibrational properties of filled skutterudites. Infrared (IR) absorption spectroscopy [5] and Raman spectroscopy [6, 7] were used to identify IR and Raman active modes. Rattling of guest atoms, on the other hand, was not observed in Raman spectroscopy, consistent with first-principles calculations that showed rattling is not Raman active [8] . Inelastic neutron scattering [9, 10] and nuclear inelastic scattering [11] were used to determine the low-energy localized vibration modes of the rattlers. The PGEC paradigm was challenged in two recent studies [12, 13] . Neutron spectroscopy and ab initio computations of La-and Ce-filled Fe 4 Sb 12 skutterudites showed welldefined phase relations and quasiharmonic coupling between the guests and the host lattice, and the phonon crystal behavior of the host [12] . In another neutron triple-axis spectroscopy study, the guest atoms in a clathrate material were found to lower the velocity of acoustic phonons [13] . Therefore, it is still an open question regarding the role of guest atoms.
Here we carry out ultrafast time-resolved optical measurements to investigate vibrational behaviors of filled antimony skutterudites. Ultrafast time-resolved optical measurement is a powerful tool to detect vibrational modes [14, 15] and has been used recently to investigate phonon vibrations and scattering in Bi and Bi 2 Te 3 =Sb 2 Te 3 superlattice materials [16, 17] . In this work, the ultrafast optical measurement is used to elucidate interactions between guest atoms and the host lattice in misch-metal filled antimony skutterudites. For the first time, vibrations caused by guest atoms is observed in the time domain. The results reveal strong interactions between guest atoms and the host lattice that reduce lattice thermal conductivity.
Samples were prepared using procedures documented in other publications [18] . The filling materials are misch metal noted by Mm. The starting misch metal consists of Ce, La, Nd, Pr, Si, Fe, Al and O with atomic percentages of 50.75, 22.75, 16.22, 5.72, 3.35, 0.72, 0.50, and less than 0.01, respectively, which were determined using Electron Probe Microanalysis (EPMA) with an uncertainty less than 2%. The use of misch metal instead of pure rare-earth elements was mainly due to its much lower cost and therefore its potentials for being used in commercial products. It is noted that the four primary rare-earth elements in the misch metal, Ce, La, Nd, and Pr, consist of 95.44% of the total material whereas their atomic weights vary from 138.9 to 144.2 only. Therefore, it is expected that the misch metal would have similar effect as those pure rare-earth elements. Five samples are studied in this work, including one unfilled skutterudite sample. Their compositions, determined by EPMA, and corresponding nominal representations are listed in Table I . X-ray powder diffraction was performed on a Philips diffractometer and the data indicate all samples are phase pure with the exception of trace amounts of Sb, FeSb 2 and MmSb 2 ( 1 vol%). Ultrafast optical measurements are performed in a collinear pump-probe scheme. Laser pulses with 50 fs FWHM (full width at half maximum) are generated by a Spectra Physics Ti:sapphire system with the center wavelength at 800 nm and a repetition rate of 1 kHz. A second harmonic crystal is used to generate pump pulses centered at 400 nm. The pump and probe beams are focused onto the sample at normal direction with diameters of 80 and 20 m and fluences of 2:2 mJ=cm 2 and 0:02 mJ=cm 2 , respectively. The pump beam is modulated by a chopper and the reflected probe beam is measured. The time resolution is about 7 fs.
Time-resolved reflectivity data of all the samples are shown in Fig. 1 . The difference in the immediate responses in the filled and unfilled samples is due to the change to the electronic structure and its excitation state by filling, and the nature of this change will be investigated in another study. Figure 1(b) shows the oscillation signals after removing the background nonoscillatory part using a digital filter. The dominant oscillation frequencies can be determined by fitting the experimental data with a damping harmonic oscillator model [17, 19] , and the fitted frequencies are listed in Table II . For the filled skutterudites, the uncertainty in frequency determination is about AE0:02 THz. The damping and revival behavior of oscillation in Mm 0:65 indicates the existence of two vibrational modes, and two oscillators are used to fit the data. For the unfilled sample, the oscillation is weaker and only the first few oscillations were used, and the vibration frequency is found to be about 4.6 THz with an uncertainty of AE0:2 THz.
An important finding from Fig. 1(b) is that the vibrational amplitude increases with increasing filling ratio, indicating the effect of filling on the vibration of the guest-host system. To identify these strong oscillations, the Stokes Raman spectra are also collected on the same samples using a Jobin Yvon T64000 Raman system with a 514.5 nm excitation source and a spectral resolution better than 1 cm À1 . It can be seen from Fig. 2 that, whereas the Raman measurements detect the A g optical phonon modes in the host lattice, the modes measured with ultrafast optical experiments are in general different from the Raman modes. The two dashed lines in Fig. 2 shows the two A g modes of the Sb 4 ring [6] , and the arrows are the frequencies obtained from the ultrafast optical measurements. Table II and Fig. 2 show that, with lower filling ratios, the differences between the Raman modes and the ultrafast pump-probe measured modes are larger. This is consistent with the theory that vibrations associated with the filled atoms are not Raman active [8] . As the filling ratio increases, the vibration frequency approaches that of the lower-frequency A g mode of the Sb 4 ring structure. This is because with a higher filling ratio, the interactions between guest atoms and the host lattice become stronger (the larger vibrational amplitude in the ultrafast optical measurement). This stronger interaction causes the vibration frequency to shift closer to that of the host lattice, which was predicted by Li et al. [7] . The collective motion of guest atoms and the host lattice is also similar to the results obtained in Koza et al.'s work, where the coherent coupling between guest atoms and the host lattice was detected even though their work was focused on lower energy modes [12] . Also as suggested by Keppens et al., there exist two eigenmodes of filled atoms in La 0:9 Fe 3 CoSb 12 [9] : the more localized lowerfrequency mode is associated with La moving towards the ''void'' and the higher frequency mode is the motion towards a nearest-neighboring Sb atom. The oscillations observed in ultrafast optical experiments are related to the higher frequency coupling between guest atoms and host Sb atoms.
To evaluate the effect of vibrational modes on lattice thermal conductivity, the measured vibration frequencies are used to compute lattice thermal conductivity using the resonance scattering model [20] . Thermal conductivity measurements were made in a Quantum Design physical property measurement system between 2 and 300 K. The electronic contributions to the conductivity were subtracted using the data from resistivity measurements and the Wiedemann-Franz Law. The accuracy of our thermal conductivity data is 10% near room temperature and averages about 5% over the measurement temperature range. According to the Debye theory, lattice thermal conductivity can be expressed as [21] :
where x ¼ @!=k B T, @ is the reduced Planck constant, ! the phonon frequency, k B the Boltzmann constant, T the absolute temperature, the sound velocity, D the Debye temperature, and C the phonon relaxation time which can be described as a summation of various phonon-scattering processes [18, 20] :
where L, A, B, and C represent grain-boundary, point defect, umklapp, and phonon resonant scattering, respectively. The last term, the phonon resonant scattering, is the resonant interaction between guest atoms and lattice phonons, with the resonant frequency obtained from the ultrafast optical measurements. The Debye temperature D used in the calculation is 270 K for all samples, which is determined from the temperature dependent specific heat measurement. Figure 3 shows that lattice thermal conductivities of filled and unfilled samples can be modeled very well over the entire 2 orders of magnitude temperature span. The dashed lines in Figs. 3(b)-3(e) show lattice thermal conductivities without the resonant scattering term. It is clear that resonant scattering of phonons is effective in reducing lattice thermal conductivity. Table III lists the parameters used in computing the data in Fig. 3 . The influence on lattice thermal conductivity from each parameter was discussed in a sensitivity study in a previous publication [18] . The fact that each parameter dominates a different temperature range allows for determining the fitting parameters relatively accurately. Here, based on AE5% experimental uncertainty of thermal conductivity data, the uncertainties of L, A, B, and C are estimated to be about AE32%, AE20%, AE20%, and AE10%, respectively. It is also noticed from Fig. 3 that thermal conductivity reductions in all filled samples are similar. This is because the resonant scattering causes more reduction in thermal conductivity in samples with higher filling ratio (Fig. 3) , whereas scattering from point defect is maximum when the filling ratio is about 50%. Phonon-point defect scattering is mainly due to the mass fluctuation between filled atoms (y) and void (1-y) [22] . Figure 4 plots the point defect scattering parameter A against yð1-yÞ and a linear dependence can be seen, which is consistent with [22] . Our results suggest that interactions between guest atoms and the host lattice reduce the lattice thermal conductivity. This is not exactly the same as the PGEC theory [1, 3, 4] that the rattling of guest atoms causes thermal conductivity reduction. Our results suggest, instead of guest atoms acting alone, the resonant interactions between guest atoms and the host lattice (the mode between the guest atoms and the neighboring Sb atoms described in [9] ) causes additional scattering to the acoustic phonons and reduces lattice thermal conductivity.
In summary, we investigated vibrational behaviors of misch-metal filled antimony skutterudites in the time domain using ultrafast optical measurements. Our results revealed resonant interactions between guest atoms and the host lattice. The reduction of lattice thermal conductivities was explained with the measured vibration frequencies over a large temperature range, indicating that resonant interactions between guest atoms and the host lattice act as additional scattering centers of acoustic phonons and reduce lattice thermal conductivity.
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